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Abstract—For spaceborne high-squint L-band synthetic aperture 
radar (SAR), the long wavelength and high-squint angle result in 
strong coupling between the range and azimuth directions. In 
conventional imaging algorithms, linear range walk correction 
(LRWC) is commonly used to correct linear range cell migration 
(LRCM), which dominates the coupling effect. However, LRWC 
introduces spatial variation in the azimuth direction, limits the 
depth-of-azimuth-focus (DOAF) and affects the imaging quality. 
This paper constructs a polynomial range model and develops a 
modified Omega-k algorithm to achieve spaceborne high-squint L-
band SAR imaging. The key to this algorithm is to rotate the two-
dimensional data after LRWC in the time domain by a proposed 
time-rotation (TR) operation that eliminates the DOAF degradation 
caused by LRWC. The proposed algorithm, which is composed of 
LRWC, bulk compression, TR and modified Stolt interpolation, 
achieves well-focused results with a one-meter resolution for a swath 
of 4 km × 4 km at a squint angle of 45 degrees. 
 
Index Terms—high-squint imaging, linear range walk 




YNTHETIC aperture radar (SAR) provides high azimuth 
resolution by exploiting the relative motion between the 
moving radar and its targets [1]. Due to range variations 
between the SAR and its target, the return echo from the target 
usually crosses over several range bins, an effect called range 
cell migration (RCM) [2], [3]. To accomplish azimuth focusing, 
RCM must be corrected to concentrate the echo energy into a 
single range bin. For spaceborne high-squint high-resolution L-
band SAR, the high altitude, large squint angle, high resolution, 
and long wavelength result in serious coupling between the 
range and azimuth directions and make it necessary for the 
range history to be fitted by a high-order polynomial, which 
complicates RCM correction and SAR imaging [4]-[7]. 
The linear RCM (LRCM) is the dominant component in RCM 
for squint imaging, and it increases with the squint angle [8], 
[9]. To achieve more efficient and accurate imaging, LRCM is 
usually removed before correcting other parts of the RCM. 
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Linear range walk correction (LRWC) is a commonly used 
method and it removes LRCM by phase compensation in the 
range-frequency azimuth-time domain [10]-[12]. However, 
LRWC leads to spatial variations in the azimuth direction, i.e., 
azimuth dependence, which indicates that targets in the same 
range bin have different Doppler frequency modulation rates 
[13]. Usually, an azimuth filter is designed to focus on a reference 
point in the swath. Due to azimuth dependence, the farther away 
an area is from the reference point in the azimuth direction, the 
greater the defocusing effect is. Therefore, the depth-of-azimuth-
focus (DOAF), which refers to the azimuth distance from the 
reference point within which focus is considered acceptable, is 
limited by LRWC [14], [15]. 
An et al. presented an extended nonlinear chirp scaling 
algorithm based on a third-order polynomial model for X-band 
SAR. After LRWC, azimuth nonlinear chirp scaling is used to 
equalize the Doppler frequency modulation rate, alleviate the 
azimuth dependence, and extend the DOAF from 50 m to 5 km 
[16]. Sun et al. developed a modified range migration algorithm 
based on a fourth-order range model for squint sliding spotlight 
X-band SAR. In the first part of the algorithm, LRWC is used to 
correct the LRCM to facilitate subsequent operations, including 
deramping, azimuth resampling and phase compensation. In the 
second part, an inverse LRWC operation is applied to remove 
azimuth dependence [17]. Li et al. proposed an imaging approach 
for squint Ku-band SAR, in which cross-line-of-sight resampling 
in the wavenumber domain is used to correct the LRCM, and the 
imaging result is achieved by compensating for the first- and 
second-order phases [18]. However, compared with the above 
SAR systems, the aperture time of spaceborne high-squint L-
band SAR is much longer, which causes the RCM to be larger 
and more complicated. Therefore, a more advanced imaging 
approach that can extends the DOAF under a higher-order phase 
condition needs to be developed. 
This paper develops a modified Omega-k algorithm for 
spaceborne high-squint high-resolution L-band SAR that 
achieves a one-meter resolution for a swath of 4 km × 4 km at a 
squint angle of 45 degrees. The key to this algorithm is to rotate 
the two-dimensional data in the time domain by a proposed time-
rotation (TR) operation after LRWC and bulk compression. This 
operation significantly improves the DOAF. Then, a modified 
Stolt interpolation operation is used to create the imaging results.  
The remainder of this paper is structured as follows. In Section 
II, the echo of spaceborne high-squint L-band SAR is formulated 
based on a polynomial range model. In Section III, LRWC is 
introduced, and the DOAF degradation is analyzed. To improve 
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the DOAF, Section IV proposes the TR operation. Based on the 
TR operation, a modified Omega-k algorithm is developed in 
Section V. Simulation results are presented and analyzed in 
Sections VI. Finally, Section VII concludes the paper. 
II. ECHO MODEL OF SPACEBORNE HIGH-SQUINT 
L-BAND SAR 
The observation geometry of spaceborne squint SAR is 
illustrated in Fig. 1, where the origin of the coordinate system 
is located at the scene center Pref, and the X, Y, and Z axes 






Fig. 1.  Illustrations of the observation geometry (a) and the observed scene (b). 
Pref is the origin of the coordinate system, located at the scene center; X, Y, and 
Z axes represent the azimuth, range, and geocentric directions, respectively. Ψ 
is the squint angle for the reference point at the beam center crossing time. PA 
denotes a target at  , ,0c rv R  . The spaceborne SAR flies along the satellite 
trajectory, and ( )satR 
  is the position vector of the SAR. 
 
Suppose that a chirp signal is transmitted. After 
demodulation, the echo from the isolated point target PA at 
 , ,0c rv R   can be represented by  
     
    2
, 2 , ,
exp 2 , , exp 4 , ,
c r c
c r c r
s w R R c w
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, (1) 
where   and   denote the azimuth and range time, 
respectively, ( )w   and ( )w   represent the azimuth and range 
weighting, respectively, c  is the speed of light,   is the 
wavelength,   is the linear frequency modulation rate of the 
transmitting signal. Here, v  is the speed of the moving SAR 
platform, c  is the beam center crossing time corresponding to 
PA, and  , ,c rR R    denotes the slant range between SAR and 
PA, which equals 
     , , , ,0c r sat c rR R R v R     

, (2) 
where ( )satR 

 is the position vector of the satellite, and   
denotes the modulus of a vector. (2) can also be approximated 
as follows (see Appendix I): 
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where nB  is spatially variant in the range direction and can be 
expressed as  
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and nmr  can be calculated by polynomial fitting based on the 
ephemeris data and the geographic information in the scene, 
and it is spatially invariant in the range direction. With =0rR , 
0n nB r , which indicates that 0nr  is the polynomial coefficient 
in (3) for targets in the same range gate as the reference point 
(the center of the swath). As a result, 10r   is independent of rR
. For broadside SAR, which has zero-Doppler centroid, (3) with 
=4N  is adequate to approximate the slant range [19], in the case 
of L-band and a resolution of one meter. However, in the high-
squint case, the nonzero squint angle results in a smaller 
Doppler rate [20]. To form the same Doppler bandwidth and 
azimuth resolution, the aperture time of squint SAR should be 
longer than that of broadside SAR. Therefore, the orders of (3) 
and (4) must be sufficiently high to describe the more 
complicated relative motion over the longer aperture time. N 
and M are set to 6 and 4 in the paper, respectively, which will 
be validated in Section 6.2. 
The amount of RCM is the difference between the maximum 











   
 
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for high-squint SAR. aT  represents the aperture time. The 
spatially invariant term 10r T , which is part of LRCM, occupies 
the vast majority of the RCM. As shown in Fig. 2, the ratio of 
10r T  to RCM  exceeds 90% when the squint angle reaches 45 
degrees. The phase related to 10r  in (1) skews the spectrum and 
causes the azimuth spectrum to deviate from the baseband, as 
shown in Fig. 3. Therefore, for high-squint SAR, correcting the 
term around 10r  is necessary to reduce the range-azimuth 
coupling and move the azimuth spectrum back to the baseband. 
III. LRWC AND DOAF DEGRADATION 
In squint SAR imaging, LRWC is commonly used to 
compensate for the spatially invariant term 10r   in (1) [21]-
[23]. 
By transforming (1) into the range frequency domain, the 
signal becomes  
       20, exp 4 , , expc rs f j f f R R c j f             , (6) 
where f  and 0f  denote the range frequency and the carrier 
frequency, respectively. 
The LRWC filter is designed as follows: 
     0 10 10, exp 4 exp 4LRWCH f j f r c j f r c      , (7) 




Fig. 2.  Ratio of 10r T  to RCM  increases with the squint angle. The curves are 
obtained for L-band SAR with a resolution of one meter and orbital heights of 
500, 639 and 1000 km. 
(a) (b) 
Fig. 3.  Impact of the phase related to 10r  on the spectrum. f  and f  denote 
the azimuth and range frequencies, respectively. Df  represents the Doppler 
centroid. The spectrums corresponding to broadside and squint SARs are 
illustrated in (a) and (b), respectively. The term 10r  not only makes Df  nonzero 
but also skews the spectrum, which increases the difficulty of imaging. 
 
where the first term moves the azimuth spectrum back to the 
baseband, and the second causes the spectrum to no longer be 
distorted. 
After LRWC, the signal becomes 
      
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. (8) 
Based on the method of series reversion (MSR) [24], (8) can 
be expressed in the wavenumber domain, which is (see 
Appendix II) 
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where 2k f v   , 04ck f c  , and 4k f c   . and 
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To compensate for the spatially invariant term  0 ,P k k   in 
(9), the bulk compression filter  ,bulkH k k   is used: 
   0, exp ,bulkH k k jP k k         . (10) 
Then, the signal becomes 
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. (11) 
By applying Stolt interpolation [25],  1 ,P k k   can be 
mapped into a new wavenumber  ck k   , which indicates 
that  
   1 , cP k k k k       . (12) 
Equation (11) can be expressed as follows: (see Appendix III) 
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. (14) 
Finally, hA  can be calculated based on MSR, and the 
expressions are illustrated in Appendix III. 




















which indicates that the maximum quadratic phase error (QPE) 
determined by  ,k k    is greater than 4 , the QPE causes 
clear defocusing effects on the imaging result. Here, B  is the 
Doppler bandwidth. Because QPE increases with c , which is 
proportional to the azimuth position of the target, only those 
targets within a limited azimuth swath width can avoid the 
situation described by (15) and achieve good focus. This width 
is called the DOAF, calculated as (see Appendix IV) 
    2 220 01 10 11 20 21 1050 2DOAFL r r r r r v r B r    . (16) 
As illustrated in Fig. 4, defocusing is clearly present in the 
area outside the DOAF. It is desirable to have the DOAF as 
large as possible. By comparing (6), (8), and (9), the LRWC 
operation results in a linear phase  10exp cj k r   in (11), and 
further generates  ,k k    in (13), which leads to DOAF 
degradation. Therefore,  10exp cj k r   should be corrected 
before Stolt interpolation to improve the DOAF. 
IV. DOAF IMPROVEMENT USING TIME ROTATION 
In this section, a time rotation (TR) method is proposed to 
maintain the advantage of LRWC and improve the DOAF. By 
transforming (11) back into the two-dimensional time domain, 
we obtain  
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, (17) 







Fig. 4.  Illustration of the DOAF. The imaging results of a simulation scene that 
includes 7×7 point targets in the broadside and squint modes are demonstrated 
in (a) and (b), respectively. Because LRWC is used in squint imaging, clear 
defocusing appears outside the DOAF. In contrast, there is no DOAF limitation 
in the broadside image. 
 
where      10, , , ,c r c r cR R R R r           , and it is the 
residual range migration after  10 - cr   is compensated for by 
LRWC. rT  is the pulse width. When 0rR  , (17) becomes 





sin 2 , , 2
r
bulk a r a cR
r c r c
s T T c B T
c T R R c r c
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. (18) 
By comparing (17) and (18), it can be concluded that only 
targets with 0rR   are well focused, while other targets are 
defocused after LRWC and bulk compression. 
Fig. 5(a) illustrates some point targets in the observed scene. 
The center point Pref is located at the scene center, and all the 
brown targets are in the same range gate, with 0rR  . Fig. 5(b) 
demonstrates the result after LRWC and bulk compression, 
where only the brown-colored targets are focused. Due to the 
phase  10exp cj k r   induced by LRWC, other than the scene 
center, each target has a range offset  : 
102 cr c   . (19) 
To compensate for the linear phase term  10exp cj k r   in 
(11) and improve the DOAF, the basic idea of TR is to rotate 







Fig. 5.  Illustration of TR. The simulation scene is shown in (a), and a simulated 
echo is generated. The processing result after LRWC and bulk compression is 
shown in (b). After further performing the TR operation, the result is shown in 
(c). In both (b) and (c), the brown-colored targets are focused, and the other 
targets are defocused. 
 
illustrated in Fig. 5(c). The rotation in the time domain can be 
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, (20) 
where X v  , 2X c  . After TR, the signal in the 
wavenumber domain becomes 
 
   
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. (21) 
where 
      1, cos sin , sin cosQ k k P k k k k              . 
By comparing (11) and (21), the linear phase term of k  
caused by LRWC should be cancelled to eliminate the DOAF 
limitation. Therefore, the following equation should be satisfied. 
10sin cos 0c cv r     . (22) 
The rotation angle   is solved as follows: 
 10arctan r v   . (23) 
By substituting (23) into (21), (21) can be simplified as 
   
   10 10
, exp ,
exp sin cos exp
TR r
c c c c
s k k jQ k k R
j r v k jk r
   
     

    
   
. (24) 
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Then, the linear phase of k  disappears and the DOAF 
limitation induced by LRWC is eliminated. 
V. MODIFIED OMEGA-K ALGORITHM FOR 
SPACEBORNE HIGH-SQUINT L-BAND SAR 
Combined with TR, a modified Omega-k algorithm is 
proposed to accomplish spaceborne high-squint L-band SAR 
imaging, as demonstrated in Fig. 6. The detailed steps are as 
follows. 
1) The coefficients nmr  in (4) can be obtained by means of 
polynomial fitting based on ephemeris data and geographic 
information of the scene. The LRWC filter is constructed 
according to (7). A Fourier transform along the range and 
LRWC filtering are then implemented successively on the SAR 
echo to obtain  ,LRWCs k k  , which has the same expression as 
(9). 
2) The bulk compression filter  ,bulkH k k   is designed 
according to (10). By multiplying  ,LRWCs k k   and 
 ,bulkH k k  ,  ,bluks k k   can be achieved as in (11). 
3)  ,bulks    is obtained by transforming  ,bluks k k   into a 
two-dimensional domain. The azimuth sampling rate is adjusted 
by zero padding in a two-dimensional frequency domain to 
ensure that the sampling intervals are equal in both the range and 
azimuth directions. The new azimuth-sampling rate is 
2new sPRF f v c . (25) 
where sf denotes the range sampling frequency. Then the TR 
operation is carried out in 2-D time domain. 
4) The modified Stolt interpolation is implemented as 
   , cQ k k k k       . (26) 
Then, (24) becomes 
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   
. (27) 
By transforming (27) into the two-dimensional time domain, 
the focused imaging result can be obtained as follows: 
   
  2 22 10
, sin 2
sin 4
stolt a r r r
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s T T c T R c
c B T r v v
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      
.   (28) 
 
Fig. 6.  Flowchart of the proposed modified Omega-k algorithm based on TR. 
VI. SIMULATION AND ANALYSIS 
A. Simulation Parameters 
The parameters used in the simulation are listed in Table I. 
The simulated scene covers an area of 4 km × 4 km as shown in 
Fig. 7, where three point targets are arranged in the swath. 2P  
is located at the center of the imaging scene, 1P  and 3P  are at 




Carrier frequency (GHz) 1.3 
Range bandwidth (MHz) 150 
Sampling frequency (MHz) 216 
Pulse width (µs) 60 
Pulse repetitive frequency (Hz) 9996 
Orbital height (km) 639 
Platform velocity (m/s) 7613 
Aperture time (s) 41 
Squint angle (º) 45 
Resolution (m) 1 
 
Fig. 7.  Simulated scene. The scene size is 4 km × 4 km. 2P  is at the scene 
center, and 1P  and 3P  are at the upper-left and lower-right corners, respectively. 
B. Validation of the Range Model 
For spaceborne high-squint L-band SAR, the aperture time is 
long, and the order of the range model must be sufficiently high 
to describe the echo precisely and guarantee the imaging quality. 
In this study, we construct a polynomial range model (PRM) in 
which N and M are set to 6 and 4 in (3) and (4), respectively. We 
validate the PRM by comparing it with commonly used range 
models, including the modified equivalent range model 
(MERM), the fourth-order Doppler range model (DRM4) and 
the modified advanced hyperbolic range equation (MAHRE). 
Fig. 8 demonstrates the phase errors induced by the different 
models for the center target 2P  and edge target 1P . The phase 
errors increase with the aperture time. To achieve one meter 
resolution, the aperture time reaches 41 seconds for spaceborne 
high-squint L-band SAR imaging at the squint angle of 45 
degrees. In this case, only the PRM reduces the phase error to 
less than / 4 , which indicates that the imaging quality is 
almost unaffected [20], but DRM4, MERM, and MAHRE have 
failed. Therefore, the PRM is appropriate for this study. 
C. Imaging Results and Analysis 
Simulation results of the proposed algorithm and the 
algorithm in [18] are achieved based on the parameters listed in 
Table I. Figs. 9 and 10 demonstrate the contour maps and 
azimuth profiles of the imaging results. Each figure shows two 
types of results. The first column is achieved using the 
algorithm in [18], which has good squint imaging ability and 
accomplished the airborne SAR imaging task with a 0.5-meter  







Fig. 8.  Phase errors induced by different range models for the center target 














Fig. 9.  Contour maps: (a), (b), and (c) are the contour maps of 1P , 2P , 3P  
achieved by the algorithm in [18], whereas (d), (e), and (f) are those of 1P , 2P , 













Fig. 10.  Azimuth profiles: (a), (b), and (c) are the azimuth profiles of 1P , 2P , 
3P  achieved by the algorithm in [18], whereas (d), (e), and (f) are those achieved 
by the proposed method. 
 
resolution and 75 degrees squint angle. The second column is 
achieved by the modified Omega-k algorithm proposed in this 
paper. In both figures, the first, second, and third rows 
correspond to 1P , 2P , and 3P , respectively. As illustrated in Fig. 
9, there is no difference between the range focusing quality 
achieved by these two algorithms. Therefore, the range profiles 
are not presented here. 
Using resolution, peak-to-side-lobe ratio (PSLR), and 
integrated side-lobe ratio (ISLR) as indicators to evaluate Fig. 
10, the results in azimuth are presented in Table II. 
 
TABLE II 
EVALUATION RESULTS IN AZIMUTH 
Methods Target Resolution (m) PSLR (dB) ISLR (dB) 
Reference 
method 
1P  1.78 -9.21 0.84 
2P  1.57 -8.25 0.64 
3P  1.98 -9.06 0.99 
Proposed 
method 
1P  1.00 -13.32 -10.50 
2P  1.00 -13.34 -10.53 
3P  1.00 -13.33 -10.52 
The algorithm proposed in [18] can achieve perfect imaging 
performance for Ku-band airborne SAR with azimuth resolution 
of 0.5m. However, in the case of spaceborne SAR, the third and 
higher-order phases ignored in [18] broadens the main lobe and 
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Fig. 11.  Imaging results of real scene: (a) is the result of the algorithm in [18], 
(b) is the result of the proposed method, whereas (c), (d) are the partial enlarged 
detail of (a) and (b), respectively. 
 
in Table II. 
The proposed algorithm achieves better imaging quality. It 
improves the azimuth resolution, PSLR, and ISLR by 
approximately 36.3%, 4.11 dB, and 11.17 dB, respectively, and 
its focusing qualities for 1P , 2P , and 3P  are nearly the same, 
which indicates good imaging coherency for the whole swath. 
The imaging results of the real scene, the Zhuhai Airport in 
south China, are shown in Fig. 11. This scene includes lawn, 
plans, and buildings, and can directly reflect the imaging 
performance of two algorithms. Images (a) and (c) are from the 
reference algorithm in [18], images (b) and (d) are from the 
proposed algorithm. It’s obvious that the images from the 
reference algorithm have more serious sidelobe effect, which 
may cause a false alarm and reduce the ability to detect weak 
targets.  
D. Constraint on Scene Dimension and Solutions 
As mentioned above, the algorithm proposed in this paper 
can achieve good imaging quality for high-squint L-band SAR. 
However, a limitation exists for the proposed algorithm. 









j P k k R  

 
   
 
 . (29) 
After Stolt interpolation, the omission of (29) results in the 
following QPE: 
   22 4 211 21 10 01 200.016 2h rQPE r r r r r B R     . (30) 
The value of hQPE  grows with rR , as shown in Fig. 12(a). The 
quality of the focused image deteriorates when hQPE  is greater 
than / 4 . Let (30) be less than / 4 , and the unilateral swath 
size in the range direction should satisfy 
 4 2 201 20 11 21 100.016rR r r r r r B  . (31) 
Using the simulation parameters in Table I, swath size is less 
than 6 km. 
When the swath size is larger than the limitation determined 
by (31), the entire echo data must be segmented in the range 
direction to make each chunk of subswath data satisfy (31). The 






ci m r i
m
H j P k k R  

    
 
 , (32) 
where r iR  represents the distance from the center of the whole 
swath to that of the ith subswath. By implementing 
segmentation and applying (32) before Stolt interpolation, 
hQPE  will be small enough to guarantee the imaging quality for 





Fig. 12.  Variation of phase errors with 
rR . The results are achieved using the 
parameters in Table I and squint angles of 15, 30 and 45 degrees. The phase 
error corresponding to (30) is shown in (a). After segmentation and 
compensation by applying (32), the residual phase error is illustrated in (b). 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
8
E. Computational Load 
This part mainly analyses the computational load advantages 
of the proposed algorithm in high squint case. Suppose FM  and 
FN  denote the azimuth and range pixel numbers of the final 
imaging result, respectively, and the original echo sizes are RM  
and RN . For a normal algorithm without LRWC, the 
computational load can be expressed as 
 22 log 17R R R R R RM N N M M N . (33) 
For the proposed algorithm, since LRWC compensates for the 
linear range cell migration, the range size of the data can be 
significantly reduced by applying LRWC. Based on the 
parameters in Table I, the range size is reduced to 1/42 of the 
original. As a result, the amount of computation becomes less. 
According to the flowchart in Fig. 6, the computational load can 
be written as 
     2 2log 1 2 log 80R R R F F F F F F FM N N M N N M M N N    . (34) 
The computational load of the reference algorithm in [18] with 
the same data size is given as 
   2 2
1 1log 19 log 19
2 2R R R R F F F F
M N N M M N N M           
. (35) 
Fig. 13 shows the variation of the computational load with the 
squint angle. It can be seen that the computational load of the 
proposed algorithm is the lowest, especially in high squint cases. 
 
Fig. 13.  Computational load of the three considered algorithms:  a normal 
algorithm without LRWC, the proposed algorithm and the reference algorithm. 
 
VII. CONCLUSION 
Spaceborne high-squint L-band synthetic aperture radar 
(SAR) has good temporal coherence and penetration capability 
and is suitable for ecological surveillance, such as surveys of 
phytomass and soil moisture [26]-[28]. The high-squint mode 
also enables it to obtain backscattering information of the target 
region from multiple angles [29]. In this paper, a modified 
Omega-k algorithm is developed based on TR which eliminates 
the DOAF limitation caused by LRWC. Simulation results have 
shown that the proposed algorithm can achieve well-focused 
results with a one-meter resolution for a swath of 4 km × 4 km 
at a squint angle of 45 degrees. Compared with the algorithm in 
[18], the proposed one improves the azimuth resolution, PSLR, 
and ISLR by approximately 36.3%, 4.11 dB, and 11.17 dB, 
respectively. The proposed algorithm allows SAR to be used at 
different squint angles to achieve more target region 
acquisitions in a single pass, so that changes can be detected by 
exploiting sequential images. 
APPENDIX I 
 
( , , )c rR R    denotes the slant range between the satellite and a 
target, given by 
   ( , , ) ,c r sat r sat rR R R R R R R R            
     
,   (36) 
where cR vx  
  , and r rR R y 
  . Equation (36) can be 
expressed as follows: 
   ( , , ) ,c r sat c r sat c rR R R R R R           
   
.     (37) 
Then, the following expression can be obtained: 
   
2 2
( , , ) 2 ,c r sat c r sat c rR R R R R R            
   
.  (38) 
Because  ref rR R 

, where  refR   denotes the range history 
of a target on the center of the scene, and ( , , )c r rR R R   

, (38) 
can be approximated as follows: 
    0( , , ) ,c r ref c sat c rR R R R R R         
 
,      (39) 
where 0R  denotes the slant distance corresponding to the 
reference point at the beam center crossing time. The satellite 
position vector ( )satR 

 can be represented by 













  , (40) 




 denotes the nth-order derivative of ( )satR 

 at 
c  . By substituting (40) into (39), we obtain the following 
result: 
     
00
1 1( , , ) ,
! c
nn
c r ref c sat r c
n
RR R R R
R n  




   
  ,  (41) 
Then, (41) can be simplified to  
 0
1
( , , ) nc r n c
n




   , (42) 
where 
   _ 0, !
c
n
n n ref sat rRB B R n R    
  . (43) 
Here, _n refB  is the polynomial coefficient corresponding to the 
reference point, which is fixed. 
APPENDIX II 
The signal after LRWC is  ,LRWCs f  , which is given by 
(8). Based on the principle of stationary phase (POSP), the 
signal in the 2-D frequency domain can be represented by 
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0 1
0 10
, ( , ) exp 2
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Equation (44) is transformed into the wavenumber domain, 
leading to 
      
   
0 1
10




s k k j P k k P k k R
jk v j k k r
     
   

      
      
, (45) 
where 2k f v  , 04 cck f  , and 4k f c   . 
APPENDIX III 
By applying the Taylor expansion,  1 ,P k k   can be 
expressed as 

















       
 
 
 . (46) 
After Stolt interpolation, k  and  ck k    satisfy the 
following equation: 





k A k k P k k

      

         . (47) 
Therefore, 
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       , (51) 
where B  is the Doppler bandwidth. 
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